Temperature dependent emission spectra of spin excited iodine in crystalline Xe and Kr are presented and analyzed in terms of nonadditive anisotropic pair interactions. In the octahedral trap site, the atomic 2P states split into E,,, and Gsj2 groups of the double valued representation. The fourfold degenerate G,,, state is subject to strong Jahn-Teller instability and further splits by coupling to phonons mto E,,, and E,,, Kramers pairs. Accordingly, the observed emission spectra are composed of two bands: 2E,,2-'1E1,2 and 2EI12+ESj2 transitions. Two pairs of bands are observed each in Xe and Kr. The long-lived pairs (at 15 K, 7=250 F and 930 w in Xe and Kr, respectively) are assigned to the isolated atom, while a short lived pair of bands (at 15 K, 7<1 p.s in Xe, and r=2.2 p in Kr) are assigned to I atoms trapped as nearest neighbor to a localized charge, identified as (HRg)+. The isolated atom spectra are simulated by Monte Carlo methods which assume classical statistics in the heavy atom coordinates, and adiabatic following of the electronic coordinate. Angle dependent, gas phase pair interactions are used as a starting point. Minor modifications to the pair interactions, and a temperature dependent spin-orbit splitting constant, adequately reproduce the experimental spectra. Many-body contributions to the effective pair potentials can be estimated to change pair parameters by less than -3%.
INTRODUCTION
The many-body potentials of open shell species-atoms, radicals or molecules-as encountered in condensed media, cannot be described by simply additive radial functions.' Yet, for the sake of convenience, pairwise additive radial functions are commonly used to describe interaction potentials, and to treat dynamics in such systems. We have in mind the significant literature on molecular dynamics simulations of open shell systems in solids and liquids. ' A notable exception to this generalization is the recent treatment of photodissociation dynamics in solids including nonadiabatic effects by Gersonde and Gabriel, in which angularly anisotropic potentials are explicitly taken into account.3 Even in the case of adiabatic dynamics, as would be expected to prevail at thermal cryogenic energies, nonadditivity of potentials are necessary to take into account, to rationalize energetics, spectroscopy, or diffusion dynamics of open shell systems in condensed media. Such applications are the motivation behind the test of simple, yet systematic approaches for the incorporation of anisotropic pair potentials with a proper account of nonadditivity, which is the aim of the present work. In this paper we consider the simplest possible test case, namely the treatment of a halogen atom trapped in a host consisting of closed shell rare gas atoms. In particular, we consider the ground state potential energy surfaces of atomic iodine isolated in crystalline Xe and Kr, and calibrate our treatment by comparing simulations of the I*(2P,,2) +I(2P3,2) transition with experiment. The many-body potential energy surfaces, including spin-orbit coupling, are constructed from the X-Rg pair interactions as determined ' besent address, Department of Chemistry, Emory University, Atlanta, Georgia.
from gas phase scattering4 and spectroscopic data.5 The method, which relies on degenerate perturbation theory, has been adopted from classical treatments of scattering between open shell and closed shell atoms.""-' Of particular relevance for the present is the discussion by Baylis,' and the implementation by Balling and Wright," who have considered the interactions of excited (2P) alkali atom many rare gas atoms, in terms of atom-atom pair interactions. The spectral simulation relies on the classical Franck-Condon principle, even though transitions near conical intersections of Jahn-Teller split states are being treated. A rather similar treatment has also been independently advanced by Boatz and Fajardo for the treatment of absorption spectra of alkali atoms trapped in rare gas matrices." Extension of the present treatment to the two-electron system of 0 trapped in Kr and Xe crystals, in which the site specific spectra have been successfully reproduced, has already been reported. 12 To clarify what we mean by nonadditive adiabatic manybody potentials, consider the interaction of a P atom (I = 1) with a closed shell S atom (I= 0). The interaction potential between the pair is a function of R,, and 0, as defined in Fig.  1 . Two eigenstates arise in this case, which in the two-center representation is referred to as V, and Vn, which define the orientation of the electron on the open shell atom relative to the internuclear coordinate. Assuming that V, is the lowest eigenstate, then in the ground state the electron reorients such that 8=0 [illustrated in Fig. 1 (b) ]. In this state, the force exerted on atom 2 by the open shell atom, atom 1, is given as F,,=-dVz/dR which acts along Ri2/]Rt2]. Now consider introducing a third atom, the closed shell atom 3. To assume the ground state, the electron on atom 1 reorients, see In the lowest eigenstate, the system may be in the Z state, in which 0=0; (c) Upon introduction of a third atom in the field. the electron on 1 reorients to assume the lowest eigenstate, thus changing the 1-2 interaction energy.
acting along the same direction. The coefficients LY and p are a function of positions of all atoms: R, , R2, and R3. Clearly, the force exerted by atom 1 on atom 2, depends also on the position of atom 3. More generally, in a many-body system, Vii= V(r;R, ,R,,..., R,). If we restrict ourselves to the limit where the electron is infinitely faster than the heavy atom motions, then the eigenstates of the system can be determined from the set {Ri}, by solving the proper secular equations. This is the limit of adiabatic following, which is the appropriate limit for an open shell atom trapped in a rare gas solid, and subject only to thermal lattice fluctuations. In effect, at all times, the electron orientation is defined by the positions of the heavy atoms. With this picture in mind, we test the extent of applicability of constructing interaction potentials based on pair interactions.
Photodissociation of HI in solid Kr and Xe, is the method used for preparing I doped polycrystalline samples. The photodissociation of HI in solid Xe has previously been advanced as a possible prototype for studying reactive dynamics in crystalline solids. '3*'4 After extensive experimentation, we have concluded that this system is less than suitable for its initially intended application. l5 Complications due to dynamics via ionic channels, charge delocalization and separation, and creation of a variety of ionic centers, interfere too strongly with the direct photodissociation process.'5-17 These findings, which may not be widely appreciated, will be commented on in Sec. III. In the case of Xe, we expect well defined substitutional trapping of the I atoms due to the similarity of I-Xe and Xe-Xe pair potentials. In the case of Kr, a more congested substitutional trapping is to be expected. In both cases we therefore expect minor local perturbations of the solid, without any ambiguity due to multiple trapping sites, or formation of large defects.
II. EXPERIMENT
Two different techniques were used to prepare the HI doped crystalline solids. Each method produced solids which were free of cracks and defects over a different temperature range.
Xenon solids at high temperature were prepared by slow cooling of a solution of HI in liquid xenon in a three window "T"-shaped ce11.14 A closed cycle helium refrigerator was used to cool the cell, and the temperature was controlled with a diode and 25 watt resistive heater. The sample was formed by slow cooling of the solution while passively maintaining a temperature gradient across the cell by heating the end opposite to the contact with the cryotip. The temperature of the cell is held constant, within 0.1 K of the freezing point of the solution for lo-16 h, to allow the solid to grow along the temperature gradient. The growth starts from a nucleation site on the cold side. Although not verified, the resulting solid has all the apparent characteristics of a single inclusion crystal. These optically nonscattering solids grow to fill the entire cell, a cylinder 1.25 cm in diameter and 4 cm in length. By recording IR spectra in the liquid and solid phase, it was verified that no zone refining occurs in the case of HI/Xc solutions at concentrations as high as 25 mM, while perfectly clear near the melting point of the solid, as the temperature is lowered, the solid cracks evidently due to stresses generated from thermal contraction. The temperature . for the onset of cracking depends on the cooling rate. For cooling rates of order 2 K h-l, cracks were evident at -120 K, and the solids became highly scattering around 100 K.
Xenon of 99.999% stated purity was used without further purification, and HI was distilled into a blackened glass bulb which was coated with halocarbon wax. To avoid contamination with 12, the bulb was cooled in an ice-water bath prior to the transfer of the HI to the cryocell. HI is transferred to the cell at 200 K, and sufficient xenon is immediately added to fill the entire cell with liquid. The reported high temperature experiments are from a 5.7 mM solution, which creates solids with HI/Xc ratio of -1:5000.
Free standing polycrystalline solids of HI/Xc (l/10,000) were prepared for the low temperature studies.18 These 1 cc free standing polycrystalline solids were grown by fast deposition from a premixed gas sample onto the cold tip of a cryostat. The sample was rapidly deposited through a l/4" tube terminated by a mold consisting of a glass tube of 1 cmX1 cm square cross section. The mold is placed flush against the cryotip during crystal growth, and, subsequently, retracted in vacuum. The gas mixture was deposited onto the cryotip using a low pressure regulator (Tescom). To create a seal between the mold and the cryotip the pressure is initially kept below 10 Torr. After formation of the seal, the pressure is increased from 150 to 200 Torr to rapidly grow optically clear crystals. The crystal temperature was monitored using an Fe:Au vs chrome1 thermocouple embedded in the crystal. A hydrogen thermometer, welded to the cryotip, provided a secondary temperature calibration. With the cryotip temperature at 14 K, the temperature of the solid was measured to be about 40 K during growth After a sufficiently large crystal is grown, typically 1 cc, the gas flow is shut off and the temperature of the crystal drops. The crystal shrinks away from the mold as the temperature drops, allowing facile retraction of the mold.
2 \ 2 i t E 110 K 30 ps Delay An excimer pumped dye laser (Lambda Physik EMG lOl/Fl 2001) equipped with BBO doubling crystals, was used to generate laser excitation in the range from 220 to 270 nm. Typically, fluences of less than 10 mJ/cm* in an 8 ns pulse were used.
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Fluorescence from the sample was collected at right angles to the excitation path. On one side, visible spectra were recorded using a l/4 m polychromator and an optical multichannel analyzer (OMA) equipped with a gated intensified diode array. On the other side, fluorescence was collected through a l/4 m monochromator with either a photomultiplier tube, for lifetime measurements in the visible, or a liquid-nitrogen-cooled germanium detector, for spectral and lifetime measurements in the near infrared. The response time of the latter system was 1 psec. The spectral sensitivity of the monochromator/germanium detector combination was calibrated using a 3000 K blackbody source. 
III. EXPERIMENTAL RESULTS
The photodissociation of HI has been followed by monitoring the growth in either I or H atom concentration with irradiation time.14"5 Kunttu et al. have followed the photodissociation of HI, among other hydrogen halides, by infrared absorption spectroscopy.16.'7 The growth of I atom concentration, is monitored by accessing the I/Rg charge transfer excitation which leads to Stokes shifted fluorescence over the Rg,fI-(4*F+l*F) transition. The XezI-emission peaks at 380 nm in solid Xe,14 while the KrlI-emission peaks at 280 nm in solid Kr.19 In Xe, the I-I/Xc charge transfer states can be reached at 193 nm, and lead to fluorescence at 250 nm.20~2' In addition to these well assigned exciplexic emissions, irradiated HI doped samples lead to strong emission bands at 550 nm in Xe and at 345 nm in Kr. Although the 550 nm band in Xe has tentatively been assigned to XelI-(421'+321'),14 these additional bands may arise from ionic states that are formed during the irradiation process. The photogeneration of ions has been most directly documented by the IR studies, which show that the decay of HI absorption bands is accompanied by the growth of absorptions due to such ionic species as (Rg2H)+, (HRgI)+, and (IHI)-.16*17 The accepted mechanism for the generation of ions is the separation of charge, via delocalized charge transfer states of halogen doped rare gas solids.22 Nonexponential growth of the neutral fragments, I and H, and nonexponential decay of the HI concentration are observed, which can be ascribed to strong photoabsorption cross sections of the ionic centers, and competition of ionic channels of photodynamics with that of the neutral photodissociation process. '5'16 It has also been shown that there is a large difference between photodissociation in matrices vs that of crystalline samples. '5 In matrices exponential growth of the I photoproduct is observed, with a photogeneration quantum yield that is an order of magnitude larger than that in the crystalline samples. It is suspected that this dramatic difference in efficiencies is the result of different mobilities of the H atom photofragment in the two media, and the fact that H centers act as ion traps in these solids. The fascinating energetics and photodynamics of the ionic species remains the subject of research. 23'24 In addition to the UV-Vis emissions, charge transfer excitation of I/Rg, leads to near IR emission, near the I(2Pr,2+2Ps,2) spin-orbit transition which for the isolated atom occurs at 1315 nm. These transitions, which are the focus of the present study, have previously been observed in I2 doped solids.25Y26 We have also conducted thermal cycling studies in these solids to verify that the atomic H centers decay, presumably by diffusion and subsequent formation of H,, at 50 K. This temperature is also near the ion-hole recombination temperature in Xe, and indeed upon heating the solids the radiative ion-hole pair recombination is observed.22 An additional thermoluminescence band at 530 nm is observed near 48 K in Xe." This emission is correlated in the IR studies with the formation of a strong chromophore ascribed to (HXeI)+.'6*'7 The near IR emission spectra are therefore obtained from samples in which beside I/Rg, charged species are present.
Excitation of a well irradiated sample of original concentration l/IO 000 HI/Xc at 280 nm produces the emission spectra shown in lower temperatures, the contribution from the fast components decrease. As an example we show in Fig. 2 an emission spectrum recorded without delay at 35 K. The broad, fast emission at 1500 nm is barely discernible. At 17 K, only the long-lived component is observable.
The temperature dependence of the long-lived emissions is shown in Fig. 3 , in which spectra recorded with a gate delay of 30 p are collected. The effect of temperature on the red peak, centered near 1360, is mainly one of broadening. The blue peak loses its substructure, broadens, and shifts by -80 cm-' between 17 and 110 K. The peak positions, as a function of temperature, are collected in Table I .
The ultraviolet excitation spectrum of the 1360 nm emission, obtained at discrete wavelengths between 265 and 295 nm, is shown in Fig. 4 , together with the excitation spectrum of the Xe;I-emission at 380 nm. The spectra are quite similar, and correspond to the charge transfer absorption of I/Xc. The latter has previously been discussed in terms of Rydberg hole progressions.27 We conclude that the near IR emission is the result of accessing the I/Xc charge transfer states. The spin excited I atom can be populated from such a state either by radiation, Xe:I-(4*r--t3*r) or nonradiatively, via a crossing between the repulsive wall of the 321' potential, and the manifold of ionic states. The latter mechanism is commensurate with the observation that the intensity of these near IR emissions increases as the sample temperature is raised. Similar emissions are observed by 193 nm irradiation of HI doped crystalline krypton. Emission spectra with and without delay in a free standing crystal of krypton at 61 K is shown in Fig. 5 . The histories of these emissions closely follow that of the KrlI-,emission at 280 nm (~250 ns). As in the case of xenon, the near IR emissions in Kr are composed of two components: The emission at 1170 nm has a short lifetime, and the emission at 1370 nm has contributions from both long and short-lived states. The temperature dependent time profile of the fluorescence at 1370 nm is shown in Fig. 6 . A fast and slow component of the lifetime are observed at all temperatures. As the temperature is decreased, the short lifetime emission becomes weaker, and the lifetime of the emission changes from 4 ,us at 61 K to about 2 pus at 15 K. The lifetimes and peak positions are given in Table II composed of two peaks which are well separated at high temperatures, see for example the 61 K spectrum in Fig. 5 . As the temperature is lowered to 15 K, these peaks coalesce. The long-lived emissions are ascribed to matrix enhanced, crystal field split I(2P,,2-+2Ps,,) transitions. This transition is at 1315 nm for the isolated atom, which relaxes via magnetic quadrupole radiation with a lifetime of 125 ms.28 These long-lived emissions will be treated in detail in Sec. IV. We will then speculate on the origin of the shortlived emissions, as arising from open shell I atoms near a localized charge.
IV. THEORETICAL TREATMENT A. The interaction Hamiltonian
We limit the interaction Hamiltonian of a halogen atom in the field of n closed shell rare gas atoms to:' +V,,-,,(R,,R,,...,R.)+H,,.
(
in which r and R represent, respectively, the coordinate of the hole and the coordinates of the rare gas atoms as measured from the origin centered on the halogen nucleus; H,, is the effective spin-orbit Hamiltonian. The hyperfine interactions are ignored except in the consideration of radiative transi- tions. Given the large spin-orbit splitting in iodine, we expect K.,. to be dominated by the hole-core coupling and only slightly modified by the lattice. Thus, the explicit dependence of H,,, on {Ri} is ignored in the development. It is also assumed that the interactions between X and Rg do not effect Rg-Rg interactions, i.e., all polarization or electron exchange effects are ignored. The angular dependence of VxwRg can always be expanded in Legendre polynomials, P, :
Vx-Rg(r;R1 ,Rz,..., R,,)= i 5 VL(r,RkPL(Rk-r).
k=l l=O
The electronic eigenenergies can then be obtained by diagonalizing the Hamiltonian in the valence basis set. We are interested in the ground state of the system. Noting that the lowest excited state is the Rg+I-charge transfer state with energies greater than 4 eV, the limited basis set 1 np)xl ns)ns , composed of the six 2P functions on the halogen atom, and the single 'So function on the rare gas atoms is hoped to be adequate. Since the rare gas atoms are represented with a single ns function, they will be dropped from further explicit notation. Since the VxwRg only depends on spatial coordinates, we may first consider its evaluation in the decoupled basis set, i.e., llml ,sm,) basis. Using the addition theorem,
in which the unsubscripted angle coordinates refer to those of the valence hole, and the subscript k is given to the electronic coordinate on the rare gas. The individual matrix elements can be expressed as products of spherical harmonics:
Since the basis is limited to I= 1, the conditions I+ L + I =even, and I+ L + 13 0, limit the summation over L to only two terms, L= 0, 2. The radial functions, V,(R) and V,(R) are directly extracted from pair interactions, and are related to the diatomic ): and II potentials:9
In the absence of spin-orbit coupling, and given V, and V2 from either theoretical or experimental data on the pair interactions, Hht can be readily evaluated. (7) mm
The explicit matrix elements of Hint in this basis are given in the Appendix.
Prior to proceeding further, we comment on the applicability of this model. The expansion of the interaction potential in Legendre polynomials, is the standard treatment for electrostatic potentialsz9 Restricting values to L= 0 and L = 2, implies restricting the description of a central charge distribution to monopole and dipole terms, and considering their interactions with the surrounding electric potential and gradient of the electric potential, respectively. No polarization of the halogen charge distribution is assumed. The expansion is therefore clearly valid for large separations, for R&-r. The expansion is also valid at short range, if the interactions are strictly due to repulsion between charge distributions, and configuration interactions or electron exchange can be ignored. These requirements may be expected to be adequate in the description of the open-shell-closed-shell, X-Rg, since at long range they are characterized by Ru6 dispersion terms, and at short range they are characterized by e-e repulsion. This is evident from a comparison of the nearly indistinguishable and pair potentials, which are shown in Fig. 7(a) . (The algebraic relations needed to extract C and II potentials from Xln and Isn potentials is given by Becker et aL3*) The present treatment is clearly inadequate in the cases of true bonding, extensive exchange, or charge transfer, in which cases the charge distribution on the central atom is strongly polarized by a given interaction. In short, there are no explicit manybody terms in the potentials used. The test of the adequacy of this electrostatic limit, is very much the aim of this work.
Potential energy surfaces
We first consider the potential energy surfaces for an I atom surrounded by an octahedral arrangement of Xe atoms, which corresponds to the symmetry of the substitutional site in fee lattices. For a perfectly symmetric octahedron, the anisotropic terms in the potential disappear and the first term in Eq. (1) is simply reduced to 6 Vo(R), in which R represents the I-Rg distance. Thus the equilibrium position of the seven atom system, corresponds to the minimum of V. . In the twovalued representation, appropriate for an odd number of elec- trons, in the Oh point group of the heavy atoms, the spinorbit coupled states belong to the twofold degenerate E ,,2 and fourfold degenerate G3,2 species3' Vibrations of E, or Tzg modes will produce the Jahn-Teller splitting of the G3/2 state, splitting it into E,,, and E3/2 spin doublets. This is illustrated in Fig. 8 , in which the shape of the potentials along the v,(E,) vibrational coordinate are considered. In higher dimensions, the splitting results in conical intersections along asymmetric vibrational coordinates. In the lattice, the I-Rg distance will be determined by Rg-Rg interactions as well. The shape of the Jahn-Teller crossings will then be determined by the particular asymmetric vibrational coordinate considered, and the relative magnitudes of isotropic and anisotropic contributions to the interaction, V2 and V. terms, at the crossing point. The potential energy surfaces that arise for an I atom isolated in a Xe lattice are shown in Fig. 9 . For this purpose, a substitutional I atom trapped in an fee lattice, composed of 108 atoms frozen at their equilibrium geometries, is used. The asymmetric coordinate considered is for in-cage motion of the I atom, along the [ 1 lo] direction. At the center of the cell, where perfect cubic symmetry is experienced, the doubly degenerate Elf2 excited state is separated from the fourfold degenerate G3/2 ground state by the spin-orbit splitting, A. For any asymmetric motion, the degeneracy of the ground states breaks into two states, each a degenerate Kramers pair.
The experimentally observed near IR emission doublets, can formally be assigned to I*(2E1,2)-+I( 1E1,2rE3,2).
C. Spectral simulations
A statistical treatment will be used in the simulation of I*-+1 spectra. The treatment assumes that the electron on the I atom can perfectly follow the slow dynamics of the heavy lattice atoms-limit of adiabatic following. Accordingly, for a given configuration of the lattice the energy of the system is given by the eigenvalues of the interaction Hamiltonian of Eq. (1). The formulation further assumes classical statistics for the heavy atoms.33 This assumption can be justified based on the consideration that although at cryogenic temperatures, the system is in the high temperature limit with respect to all lattice modes, i.e., the thermal energy p-'= k,T is large compared to the energy of motion on a given surface within the de Broglie wavelength hl(,~uk,T)"~ of the heavy atoms. 33'34 In the present, for all Ri (but not r) fi P m V{Rj}Hint 4 l 03)
which is found to be -0.1 at the lowest temperatures of the present measurements (15 K). Thermal distributions in positions of the classical particles can then be generated by sEandard methods. We note, however, that at cryogenic temperatures the zero-point amplitude of the lattice makes a significant contribution to the position distribution. To take this quantum effect into account, classical distributions at scaled temperaturesT5 T' , are generated: 
Z is the classical partition function on the E,,, surface, where Ei are the three eigenstates which depend explicitly on r, and Ri; (~ij( is the transition dipole moment which in principle depends on all coordinates; the integration is over all classical coordinates. The expression has a simple insight, namely, the emission spectrum represents transitions between eigenstates, weighted by the probability of a configuration on the upper state. A subtlety arises in the evaluation of Eq. (10) which implies an integration over spatial configurations while the energy conserving Dirac delta function is energy normalized.33 To obtain a space normalized delta function in the integrand, transformation of variables is necessary. Designating a given lattice configuration by the set of position vectors; Q = {R i}, and using the properties of delta functions: . given lattice configuration, can be identified as the density of states at the resonance condition VIII-V,=fiw. Thus, for a given configuration of the lattice, the transition energy can be calculated from the difference between upper and lower eigenenergies, and the probability of transition at that energy is given by the weight of density of states (and the w3 factor, which corresponds to the density of emitted photon states33).
To evaluate the spectral distribution function we proceed as follows. The Boltzmann weighted initial state configurations are generated by the standard Metropolis algorithm.38 For each configuration the 6X6 Hamiltonian is diagonalized, and the highest eigenenergy is used for the acceptance criterion of a given configuration. For each configuration the transition energies are binned, and weighted by their respective densities of states. The density of states on a given surface, is obtained from the force matrix, using the appropriate eigenvector:
in which 11) is the eigenvector of state Z, at a particular classical configuration {Ri}, and the force matrix is evaluated by taking the gradient of Vint. This purely classical treatment leads to singularities where the denominator in Eq. (11) tends to zero (this corresponds to parallel potentials in one dimension). This difficulty was overcome by inclusion of thermal fluctuations to the density of states, replacing the denominator in Eq. (11) by
The described procedure is rather tedious, and computationally intensive. Learning after some experience that in most of the Monte Carlo realizations, the thermal fluctuations dominate the density of state weighting, we reverted to Eq. (10) for the spectral simulations, i.e., we discovered that the assumption of constant density of states is justifiable. This is strictly true for the spectral distribution within a given emission band, between a pair of electronic states. It is however clear from the potentials of Figs. 8 and 9 that the curvatures of the J-T split states are different and, therefore, the relative intensities of transition to these states should accordingly be different. At the expense of losing this information, we retain the approximate treatment.
The observed 2 orders of magnitude reduction in radiative lifetimes as compared to the isolated atomic transition, is a clear indication that the emission in this case is interaction induced. Accordingly, the spectra were simulated by making different assumptions with respect to the transition dipole. In the first, ~ij is assumed to be a constant, independent of lattice coordinates. In the second, we assume the transition to be proportional to the cage anisotropy ~=C Ri; i=1,...,12.
Different powers of 5, representing different induced poles were tested without a significant change in the simulated spectra. This insensitivity can be attributed to the fact that Comparison between experiment and simulation of I*+1 transition in Xe, using unmodified pair interactions. The simulated spectra are normalized, with a 3:l ratio between the blue and red bands. They are shifted to account for the solid state spin-orbit splitting. The shifts are collected in Table I. the cage fluctuations are small and symmetrically distributed near the cubic equilibrium configuration, averaging out all odd powers of the anisotropy. Thus, the leading term in the induced poles of the transition is the electric quadrupole, which leads to equal intensities in both emission bands, and to a good approximation can be replaced by a constant probability independent of cage ani~otropy.'~ We therefore make the Condon approximation, and use electric quadrupole selection rules in evaluating the spectra. The simulated spectra for I/Xc, using the I-Xe potentials of Casavecchia et aL4 and the Xe-Xe potentials of Barker et LzZ.,~' are shown in Figs. 10 and 11, together with the experimental data. The simulated spectra reproduce the observed two-band distribution, with zero intensity at the center and a temperature dependent splitting and broadening of the bands. The absence of intensity at the center implies that configurations where eigenstates I and II become degenerate are very rare. This is the configuration of exact cubic symmetry, which upon a casual inspection of the potentials in Fig. 9 may seem highly probable. In effect, all lattice fluctuations split the degenerate pairs, and a perfect cubic symmetry does not occur in 150 000 configurations, with 108 atoms involved in the simulation. Note, the simulations have been shifted to coincide with the observed shift in spin-orbit splitting, A, the values of which were collected in Tables I  and II . Since A is diagonal in the [Jm,) representation, this shift can be reproduced by simply reducing the value of A in Hint . Changes in spin-orbit splittings, both positive and negative, are well documented in the literature on matrix isolated atoms, and have been treated in terms of the external heavy atom effect.39 A is reduced by -3% in Xe, and -5% in Kr. While this effect is nearly constant in Kr, there clearly is a temperature dependence in Xe: the higher the tempera- Wavelength (nm) FIG. 11 . Comparison between experiment and simulation of I*-+1 transition in Kr, using unmodified pair interactions. The simulated spectra are normalized and shifted to account for the solid state spin-orbit splitting. The shifts are collected in Table II. ture the closer is the coupling to that of the free atom. The effect in Xe scales with the density of the solid. Presumably, due to congestion of the trap site, in the case of Kr the bulk density change has little effect on the I-Kr nearest neighbor distance. The I*+1 transition has previously been reported in matrices.25.26 The excited atomic states in those matrices are accessed by Forster transfer from I,(A) .25(a) Accordingly, the emission intensities, spectral positions, and lifetimes show a strong dependence on sample concentration, and the presence of 02. The source of I atoms in those experiments is not well understood, but it is believed that the observed atoms occur near molecular impurities and are perturbed by them.
Comparison of our values with those observed in matrices, see Tables I and II, shows that while the Xe data are in acceptable agreement, the Kr data are not. Furthermore, it has also been reported that in Ne instead of two emission bands, three are observed?' This multiplicity of bands, and the dispersion in the reported transition wavelengths, is an indication that the splittings are effected by local structure. In matrices, the expected heavy atom dependence is observed, the change in A is largest in Xe, and smallest in Ne (with opposite sign).25 In the heavy rare gases, Macler et al. find a direct correlation between the host polarizability and the red shift in the average spin-orbit splitting. This is in agreement with the temperature dependent shift in Xe which we observe to scale with the bulk polarizability of the solid. It is however surprising in the present to observe a larger change in A in Kr than in Xe. We presume that the effect is due to the congestion of the site in crystal Kr, and infer that perhaps in the less dense matrix the site can more easily release the local strain by relaxation. It is also evident in Fig. 10 that the spectral distributions are significantly narrower in the simulation, and do not re- produce the details of substructure and its temperature dependence. Minor modifications to the I-Xe potential, within the reported uncertainty of parameters extracted from the scattering data, produces significant changes in the simulated spectra. Although a systematic search for best fit potential parameters was not conducted, after some trials, a rather satisfactory reproduction of the spectrum was obtained. This is shown in Fig. 12 for the case of Xe. The following modifications to the Morse part of the reported pair potentials4 were made: the depth of X,,, is adjusted from the reported value of ~=0.69 kcal mol-' to 0.68 kcal mol-' and that of I,,, is adjusted from ~=0.48 kcal mol-' to 0.46 kcal mol-'; and the equilibrium distance of X,,, is reduced from the reported value of r,,, = 4.3 -4.2 8, while that of Z3,2 is stretched from r,=4.6
A to 4.65 A. These modified pair potentials are shown in Fig. 7(b) . Note that in the comparison in Fig. 12 , the relative intensities of the two bands are adjusted by a 3: 1 ratio, as suggested by the experimental data. The temperature dependence of the bands is reproduced and the substructure is evident in the simulation. These features do depend on the choice of potential parameters, however, not in a trivially obvious way.
In summary, experimentally we observe a 3-5 % change in the spin-orbit splitting of I in these solids, by making changes in the Xe-I pair potentials of the same order, the spectral features-splittings and temperature dependent shifts and widths-are reproduced. The variation in A is clearly due to exchange interactions with the host atoms, the significance of the variation in the potentials is more difficult to ascertain, since these are within the stated accuracies of the known pair interactions. It can, however, be concluded that at least in the stable trapping sites of the lattice, manybody contributions to the potentials remain less than -3%, and can be accounted for in the form of effective pair potentials. This result, we feel, justifies the present formalism in treating the anisotropic interactions of the open shell halogens in condensed rare gases.
D. The short-lived emissions
The pair of short-lived emission bands, which are most prominent in the high temperature spectra in Xe, are also ascribed to I*--+1 transitions. However, the observed large splitting in this case cannot be ascribed to any impacted site of the neutral lattice. For any symmetric trapping site in the lattice in which several nearest neighbor rare gas atoms simultaneously interact with the I atom, the Jahn-Teller (JT) split states cross at the excited state potential minimum, leading to emission bands that nearly overlap. Yet the experimental spectra show a splitting of -2500 cm-', with no overlap of bands in the middle. This pattern is only consistent with asymmetric interactions. In particular, for an interaction of C,, symmetry, in which, as in the case of diatomic Rg-I, the excited state may emit to the ground 2 and II surfaces far from their asymptotic convergence. Neutral interactions in the solid cannot yield any configuration in which an isolated diatomic, RgI/Rg, can be imagined which could give the observed splitting. The only possible interpretation is an interaction of the open shell atom with a nearby localized charge. The charge induced dipole interaction lowers the 2 state potential relative to the unaffected II orientations by A E = cre2/( 2 R4). Assuming a polarizability of a=4 A3 for I, the observed splitting of -0.29 eV in Xe would imply R-3.1 A, i.e., a charged nearest neighbor. In the case of Kr the splitting is a factor of 2 smaller, and would therefore imply that the charge center is farther away. For this model to hold, the charged neighbor should be a closed shell species while the I center remains an open shell. Species of the type Rg+I is not an acceptable candidate, since it is isoelectronic with interhalogens, and would be expected to be further stabilized by exchange and overlap, leading to the formation of a diatomic with a large multiplicity of states. Negatively charged centers can also be excluded, since in such centers the charge would be expected to localize on I, due to its large electron affinity. The only likely candidate, among the known ionic species in these media, is (RgH)+I. Indeed, the IR spectra indicate that upon warmup of irradiated rare gas matrices which are initially doped with hydrogen halides (HX or DX), a strong chromophore involving a charged RgHX center is formed.23 Given the ionization potentials of the constituent atoms, it can be surmised that the positive charge mainly resides on Xe in (XeH)?, while it should be mainly on H in the case of (KrH)+I. Thus if the geometry of such a system is nearly linear H-Rg-I, then the difference between splittings in Kr and Xe can be rationalized.
The (RgH)+X center could also explain results of electron spin resonance (ESR) studies in these solids.40 Systematic studies in search of ESR spectra of halogens in rare gas solids had failed, leading to the conclusion that interactions with the lattice lead to strong relaxation of the J states, broadening the resonances beyond recognition. 30'41 This is consistent with the strong JT interactions which we have described for neutral I. In effect, coupling to the lattice phonons destroys the goodness of the total angular momentum quantum numbers. The first exception to these observations were ESR studies of irradiated HI/Xc solids, in which the I hype&e resonances were found.42 This had been interpreted as arising from destruction of the cubic symmetry of the isolation site by the nearby H photofragment. Under the conditions of the experiments, it is doubtful that the H atoms remain trapped in the photolyzed cage, moreover, we believe that a simple cage distortion could not establish a strong quantization axis, to overcome spin-lattice relaxation processes. On the other hand, a quantization axis should be established by the presence of nearest neighbor, closed-shell, charged species. Subsequent to the observation of the ESR spectrum of I, Br atoms were also found in rare gases prepared by passing Br2/H2/Ar over a hot filament.43 These were also interpreted by assuming an axial symmetry of the distorted site, arising from H+Br, reactions. Under the conditions of the ESR experiments, as in the present, charged RgHX+ centers are quite likely, and should be considered closely in the interpretation of the data.
V. CONCLUSIONS
The spectroscopy of spin-orbit transitions of atomic iodine isolated in crystalline Kr and Xe, was presented and used to test the construct of many-body potentials of an open shell system based on known pair interactions. Proper accounting of the nonadditivity of potentials arising from the angular anisotropy of interactions was treated in the electrostatic limit of nonpolarizable charge distributions. Satisfactory agreement between experiment and simulation is only obtained after slight modification, within 3%, of the pair interaction parameters. This test case is somewhat limiting, it involves an open shell atom in a high symmetry site of the lattice in which it fits. Nevertheless, it can be concluded that, many-body contributions to interactions in this case are comparable to those encountered in the closed shell rare gas solids.30 The transitions considered involve spin-coupled orbitally degenerate states, which in the lattice are subject to strong Jabn-Teller instability. Despite the quantum mechanical nature of these interactions, since at the cryogenic temperatures of the solid the system can be regarded to be in the adiabatic following limit, a rather direct method for the spectral simulations is possible. The method involves a classical statistical treatment of the lattice configurations, via a Monte Carlo sampling of the eigenstates of the system. The method is greatly simplified by neglecting the computation of density of states at each configuration, an approximation which is generally valid when the gradient potential surface difference is small compared to kTIX, where X is the de Broglie wavelength of the constituent atoms. These conclusions have recently been verified in the case of the two electron system, 0( 'S)--+O( '0) transitions in crystalline Kr and Xe.12 In addition to the main atomic emission, a second pair of emission bands is observed in these solids. These short-lived emissions are assigned to I atoms with a nearest neighbor, closed shell ion, which is identified as RgH+. It is also suggested that this center may be responsible for the ESR spectra of halogens in rare gas solids. Irradiation of halogen doped rare gas solids leads to delocalized charges, which can separate and form a variety of ionic centers. This consideration is particularly severe in the case of heavy rare gases, and is the main complication in studies of photodissociation studies of hydrogen halides. Some of the experimental findings in this regard, in particular, regarding the HI/Xc system, were also presented. in which the summation over k is over the rare gas atoms, and the coordinates are the rare gas position components as measured from the halogen core origin.
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